IN TROD UCTION
Diesel engines are widely used both in on-road vehicles (buses, trucks, cars) and off-road applications. Off-road use occurs mainly in mining, construction, distribution, farming, and military, and includes the use of earth-moving equipment, locomotives, forklift trucks, ships, tractors and power generators. The emission from these engines-diesel exhaust-consists of a complex mixture of gases and particulates. Gaseous constituents include oxides of carbon, nitrogen, and sulphur, and low-molecular weight hydrocarbon. The particulates are mainly composed of cores of elemental carbon, traces of metallic compounds and adsorbed organic materials including aromatic hydrocarbons, polycyclic aromatic hydrocarbons, aldehydes, and nitrogen oxides (Wichmann, 2007; Ris, 2007; Lewné et al., 2007) . When inhaled, the small sized particles (typically <1 μm) can penetrate deep into the lungs (Ris, 2007; Australian Institute of Occupational Hygienists, 2007) .
In 1989, the International Agency for Research on Cancer (IARC) classified diesel exhaust as probably carcinogenic to humans (Group 2A) (IARC Monograph Working Group, 1989) . A re-evaluation in 2012 led to the classification of diesel exhaust as a Group 1 carcinogen ('Carcinogenic to humans') with sufficient evidence for lung cancer and limited evidence for bladder cancer (Benbrahim-Tallaa et al., 2012) .
A literature review in 2009 (Pronk et al., 2009 ) reported that diesel exhaust exposure is particularly high in underground mining, tunnel construction, and underground maintenance work, because of the use of heavy equipment in enclosed work sites. Medium exposure levels are found in other industries where smaller equipment is used in above-ground (semi-) enclosed areas, such as mechanics in a workshop, emergency workers in fire stations, dock workers, and workers loading/unloading inside a ferry. Lower levels of exposure to diesel exhaust are reported for occupations in enclosed areas separated from the source (e.g. drivers and train crew), or outside, such as surface mining, parking attendants, vehicle testers, utility service workers, surface construction, and airline ground personnel (Pronk et al., 2009) .
In 2008, the National Hazard Exposure Worker Surveillance (NHEWS) survey was carried out in Australia, collecting data on occupational exposures to dusts, gases, vapours, smoke, and fumes from 4500 Australian workers using computer-assisted telephone interviews (Safe Work Australia, 2010) . Nine percent of all workers were found to be exposed to combustion products, including carbon monoxide, diesel and non-diesel exhaust fumes, and smoke. Numbers for diesel exhaust fumes separately were not given. Since NHEWS targeted only workers in predetermined priority industries, the surveyed population did not reflect the general Australian working population.
Estimates of the number of people who are exposed to diesel exhaust at work are useful to estimate the number of lung cancers attributable to occupational exposure to diesel exhaust, and in deciding on priorities for control. Our objective was to estimate the current prevalence of occupational exposure to diesel exhaust in the Australian workforce.
M ETHODS
The Australian Work Exposures Study (AWES) was a cross-sectional telephone survey, carried out between October 2011 and May 2012, investigating the prevalence of current occupational exposure to 38 priority carcinogens among Australian workers (Carey et al., 2014) . Ethics approval was obtained from the University of Western Australia's Human Research Ethics Committee.
The data collection for AWES has been described in more detail previously (Carey et al., 2014) . In brief, Australian residents aged between 18 and 65 years in current paid employment were eligible to participate. Of 6959 eligible households that were contacted, 5023 interviews were completed, reflecting a cooperation rate (completed interviews/eligible households) of 72.2%. Compared with the general population, respondents were similar regarding sex, education level, socioeconomic status, remoteness, and state of residence. However, respondents were older and more often born in Australia (Carey et al., 2014) . Data from respondents were collected by trained interviewers using computer-assisted telephone interviews after verbal informed consent was provided. Demographic information included age, sex, education level, and country of birth. Postcode of residence was used to determine remoteness of residence (Australian Standard Geographical Classification, 2011) .
Occupational information about the current job held by the respondent was also obtained. The Occupational exposure to diesel engine exhaust • 601 interview was considered complete when the respondent's occupation fell into 1 of the 13 predetermined job categories not considered exposed to any of the 38 carcinogens (such as white collar professionals). Otherwise, the interviewer obtained more information (including job title, main tasks carried out in the job, industry of employment, hours worked per week, and weeks worked per year) and based on this information the interviewer then assigned one of 57 jobspecific modules ( JSMs).
Each JSM comprised questions about both the general working environment and specific tasks. Where appropriate, information was collected about the frequency of tasks and control measures. When a respondent indicated working with vehicles or generators, a standard set of questions was asked regarding fuel type (diesel, petrol, or other), location (indoors, outdoors, or both), average distance from workplace (<20, between 20 and 50, or >50 m) and whether the exhaust could be smelled by the respondent. All questions were tailored to Australian industry and occupational conditions. The JSMs were part of Occupational Integrated Database Exposure Assessment System (OccIDEAS), a webbased tool which manages interviews and the exposure assessment process (Fritschi et al., 2009) . During the development of the JSMs, exposure rules were defined based on expert judgement. These rules provide an automatic exposure assessment (Fritschi et al., 2009) .
OccIDEAS was used to provide assessments of the probability of occupational exposure to diesel exhaust. Where a probable exposure was assigned, exposure level was assessed as low, medium, high, or unknown. A low level of exposure was defined as 'present but not likely to require further control measures'; high exposure as 'control measures are likely to be needed'; and medium as a level between these values (Fritschi et al., 2012) .
A high level of exposure was assigned to the following jobs: driver in an underground mine; diesel forklift driver indoors; and firefighters and road construction workers operating within 20 m of diesel equipment. Medium exposure levels were assigned to farmers or gardeners who use diesel equipment; drivers on surface mines, construction sites or major roads; workers on boats or fishing vessels; drivers of forklift trucks and locomotives (if diesel powered), road construction workers 20-50 m from diesel equipment, or road side workers within 50 m of diesel equipment.
In addition, the following situations were assessed as medium exposed: working indoors with diesel equipment (unless within 20 m, then high); maintenance of diesel vehicles (if no ventilation, then high); or working outdoors within 20 m of diesel equipment.
When no information was present to assign a specific level, the exposure level was left 'unknown' . Frequency, if specified, was categorized into groups of <5, 5-30, or >30 h week −1 ; else, frequency was automatically set as the hours worked per week for that job. For current analyses, we defined 'any exposure' as jobs classified as probably exposed, regardless of level or frequency. 'Substantial exposure' was defined as probably exposed at a medium or high level for more than 5 h week −1 .
Each job title was coded to the Australian and New Zealand Classification of Occupations (Australian Bureau of Statistics, 2006) . To extrapolate the proportions exposed in the AWES sample to the Australian working population, we grouped all job titles into 30 occupational groups which are relatively homogenous with regard to exposure, e.g. 'farmers', 'teachers', 'miners' or 'office workers' . The complete list of occupational groups can be found in Supplementary Tables S1 and S2, available at Annals of Occupational Hygiene online. Using the labour force data in the 2011 Census (Australian Bureau of Statistics, 2011), the total number of workers in the Australian working population in each of the groups was calculated for both men and women. The proportion of workers estimated to be exposed to diesel exhaust within the AWES sample (by occupational group and sex), were then applied to the total number of Australian workers in each group to estimate the number of exposed people in the Australian workforce. 95% confidence intervals (CI) of the proportions were calculated using the Wilson score method without continuity correction (Newcombe, 1998) .
R E SULTS
5023 telephone interviews were completed, of which 30 were excluded due to missing job history information, resulting in data from 4993 respondents for analyses. We found that 18.5% of the respondents were exposed to diesel exhaust in their current job, of whom 13.4% experienced substantial exposure (Table 1) . Exposure occurred predominantly among men: 20.4 versus 4.7% among women for substantial exposure. Prevalence of exposure to diesel exhaust varied across the different states, ranging from 6.4% among workers in the Australian Capital Territory to 17.0% in Western Australia, and prevalence increased with remoteness (from 10.4% exposed in major cities to 28.1% in remote areas). The largest (absolute) numbers of respondents who were classified as substantially exposed to diesel exhaust were those respondents who were allocated the JSMs for 'driver' (31.6%) or 'farmer' (21.6%) (data not shown). In relative terms, the highest proportions exposed per occupational group (as per job title) worked in agriculture (75.2%), mining (67.9%), transport (56.9%) and construction (15.2%), or worked as a mechanic (49.6%) ( Table 2) .
The vast majority of drivers indicated that their vehicle was powered by diesel: trucks (99%), buses (92%), heavy equipment (100%), forklifts (55%), locomotives (100%), and automobiles (31%). More than half of the drivers of on-road vehicles indicated that they drove mostly on major metropolitan roads: trucks (50%), buses (54%), and automobiles (69%) (data not shown).
When extrapolated to the Australian working population in 2011, 13.8% (95% CI 10.0-20.4) were estimated to be substantially exposed to diesel exhaust in the workplace (Table 3 ). This proportion slightly differed from the proportion in our sample, due to the distribution of jobs in the overall workforce. The proportion exposed among Australian male workers was 21.7% (95% CI 16.2-29.4), whereas among the female workforce the proportion was 5.1% (95% CI 3.1-10.5). In absolute numbers, 1.2 million Australians were estimated to be substantially exposed to diesel exhaust in the workplace in 2011. These exposed workers comprise approximately 1 million males and 200 000 females. High levels of exposure were estimated for 1.8% of the working population, which amounts to about 160 000 workers. Supplementary Tables S1 and S2 available at Annals of Occupational Hygiene online show the construction of the aggregated figures presented in Table 3 .
DISCUSS ION
Overall, we estimated that 13.8% of the working population in Australia were substantially exposed to diesel engine exhaust in their current job (in 2011).
Among the 1.2 million people who were estimated to be exposed to diesel exhaust in the workplace, 160 000 people were exposed at high levels.
Few studies have reported occupational exposure prevalence in the general population for diesel exhaust. Exposure prevalence was first estimated for workers in the USA. The National Occupational Exposure Survey (NOES) involving on-site visits was performed from 1981 to 1983, estimating that over 1.3 million men and nearly 50 000 women were occupationally exposed to diesel exhaust in the USA (NIOSH, 1983) . Together this referred to 1.3% of the total US workforce in 1980 (Lee and Mather, 2008) . Occupational exposure prevalence was also estimated for workers in the European Union in 1990-1993 in the CAREX (CARcinogen EXposure) project (Kauppinen et al., 2000) . In this project, exposure data from the USA and Finland in the 1980s was used to estimate the number of workers exposed to carcinogens by country, carcinogen, and industry. Part of these data came from the previously mentioned NOES. For diesel exhaust, it was estimated that 2.2% of the European working population was exposed, ranging from 1.8% in Finland and Sweden to 3.1% in Ireland (Kauppinen et al., 2000) . In the more recent CAREX Canada project, the prevalence of exposure to diesel exhaust was estimated at 4.6% of the Canadian working population overall (Peters et al., 2015) . In addition to information from the EU CAREX project, occupational hygienists in the Canadian study also reviewed monitoring data (where available), the published literature, government reports, and grey literature to estimate the proportion of workers likely to be exposed. In the case of diesel exhaust, however, no monitoring data was available and the researchers therefore classified the data quality for diesel exhaust as 'low' (Peters et al., 2014) .
Our prevalence estimate of 13.8% of all Australian workers (21.7% for males and 5.1% for females) was higher than the estimates of exposure prevalence reported in the previous studies, as described above. On the other hand, our estimates were lower than described in USA and European case-control studies reporting the exposure prevalence among jobs reported in their respective studies. In the New England Bladder Cancer study, exposure to diesel exhaust was assessed in different ways for nearly 15 000 jobs (Pronk et al., 2012) . The proportion of jobs with medium or high probability of exposure to diesel exhaust ranged from 16.4 to 17.7%, depending on the method applied (Pronk et al., 2012) . Diesel exhaust exposure prevalence ranged from 9% of jobs in Romania to 27% in Hungary when based on expert assessment in a European multi-centre lung cancer case-control study (Peters et al., 2011) . Application of a general population job-exposure matrix on the same study population resulted in similar estimates, ranging from 12% (Romania) to 33% (Hungary) of the jobs assessed as exposed to diesel exhaust (Peters et al., 2011) .
Comparing results from a cross-sectional survey (here AWES) with case-control studies is not straightforward. Since diesel exhaust is a risk factor for both bladder cancer (suspected) and lung cancer (Benbrahim-Tallaa et al., 2012) , the prevalence of exposure to diesel exhaust will have been higher in the referenced case-control study populations. Exposure prevalence among the controls would give a better representation of the prevalence in the general population, but those figures were not published separately. Besides, both populations had a higher proportion of males (75 and 82% in the USA and European case-control studies, respectively), Table 2 . Occupations with the highest proportions of substantially exposed to diesel exhaust. Industry/occupational group N Substantially exposed Medium exposed since males are at higher risk for the diseases under study. Differences in economic activities may explain heterogeneity in exposure prevalence across countries. We found the highest proportion of workers exposed to diesel exhaust worked in agriculture, mining, transport, and construction. Together, these industries covered 19% of the Australian workforce in 2014 (Australian Bureau of Statistics, 2014). These percentages were somewhat lower in Canada (16% in 2014) and USA (10% in 2002 and 9% in 2012) (US Bureau of Labor Statistics, 2013; Statistics Canada, 2014) . However, the percentage working in these sectors in the EU when the CAREX study was done was comparable (19% in 1990-1993) (Kauppinen et al., 2000) . The large variation of exposure prevalence between the Australian states and territories in our study (ranging from 6.4 to 17.0%) also suggests heterogeneity due to different activities. For example, mining and agriculture are major industries in the states with the highest exposure prevalence (Western Australia and Queensland). Additionally, higher prevalence of exposure to diesel exhaust was found for workers in more remote areas: 28.1, 21.9, 16.0, and 10.4% for remote, outer regional, inner regional and major city, respectively (Table 1) . In contrast to many other parts of the world, particularly Europe, there are large remote areas in Australia. However, the majority of the population is living in metropolitan areas; 61% (n = 3028, Table 1 ) of our study population lived in one of the major cities.
Heterogeneity in exposure prevalence across countries may also result from differences in legislation. The USA and Europe are leading the implementation of diesel engine emission standards (Scheepers and Vermeulen, 2012) . In Australia, the implementation of emission standards for on-road vehicles lags a few years behind. For non-road heavy duty equipment, no emission standards are in place. Furthermore, there is no national occupational exposure limit in Australia for diesel exhaust, except for a guideline provided by the Australian Institute of Occupational Hygienists (2007), but occupational exposure limits for diesel exhaust are still absent in most countries. However, the lack of emission standards may contribute to higher exposure prevalence and exposure levels among Australian workers when compared with other countries.
Additionally, the estimation of exposure prevalence will be determined by the definition of 'exposed' and of the level of exposure. Particularly in the case of diesel exhaust, which is present in many occupational and non-occupational settings, it depends on the decision of what is considered exposed above background Table 3 . Proportion of the Australian working population (18-65 years of age and employed in 2011) estimated to be substantially exposed to diesel exhaust in the workplace.
N (×1000)
95% CI Proportion (95% CI)
Total working population
Total 8954 Substantially exposed 1237 895-1829 13.8% (10.0-20.4) Highly exposed 160 92-629 1.8% (1.0-7.0)
Males
Total 4699 Substantially exposed 1022 763-1383 21.7% (16.2-29.4) Highly exposed 155 91-419 3.3% (1.9-8.9)
Females
Total 4256 Substantially exposed 216 132-446 5.1% (3.1-10.5) Highly exposed 5 1-210 0.1% (0.0-4.9)
Supplementary Tables S1 and S2 are available at Annals of Occupational Hygiene online and show in more detail how the presented figures were derived.
level. In the current study we used the web-based tool OccIDEAS (Fritschi et al., 2009) to estimate exposure prevalence. The JSMs and subsequent exposure rules were developed based on published studies, resulting in semi-quantitative estimates of exposure. The rules in OccIDEAS were designed to be sensitive to potential exposure circumstances (Fritschi et al., 2009) , which may have led to higher exposure prevalence in our study. Because the exposure assignment was based on specific job tasks, the level of exposure during that task may not necessarily represent the average or typical exposure situation during a full work shift. We aimed to limit exposure misclassification by defining 'substantial exposure' , i.e. only workers exposed to medium or high levels for at least 5 h week −1 were considered exposed. This is the first study to describe the prevalence of occupational exposure to diesel exhaust in Australia and one of the few recent studies internationally. Overall, we estimated that about 1.2 million Australians, or 13.8% of the workforce, were substantially exposed to diesel exhaust in their workplace. Such information about who is exposed provides a guide as to where to focus activity to prevent or better control exposure to diesel exhaust, and will enable the estimation of the number of lung cancers attributable to occupational exposure to diesel exhaust in Australia each year.
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